Background: Impaired glucose metabolism is an established risk factor for coronary artery disease. Previous studies revealed that glycemic variability (GV) is also important for glucose metabolism in patients with acute coronary syndrome (ACS). We explored the association between GV and prognosis in patients with ACS.
Background
Impaired glucose metabolism is an established risk factor for coronary artery disease [1] . Patients with diabetes mellitus (DM) have increased mortality rates and a two to three times higher risk of cardiovascular disease as compared with patients with no history of DM [2] . Previous studies showed that a higher glucose level on admission [3] , hypoglycemia during hospitalization [4] , and sustained hyperglycemia, as determined by glycosylated hemoglobin A1c (HbA1c) [5] , were markers of poor prognosis for acute myocardial infarction (AMI). As reported earlier, glycemic variability (GV) has specific clinical implications, as well as a different meaning compared with that of classical markers [6, 7] . A continuous glucose monitoring system (CGMS) is an emerging technology that can continuously measure glucose levels, thereby enabling evaluation of GV. We previously reported that GV measured with a CGMS in the stable phase of ST-elevation myocardial infarction (STEMI)
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Cardiovascular Diabetology *Correspondence: wsnorikun@yahoo.co.jp 1 Division of Cardiology, Yokohama City University Medical Center, 4-57 Urafune-cho, Minami-ku, Yokohama 232-0024, Japan Full list of author information is available at the end of the article predicted left ventricular remodeling, as determined by cardiac magnetic resonance imaging (CMRI) [8] . It has been reported that GV was predictive of mortality in elderly patients with AMI [9] . Furthermore, we also reported that GV predicted rapid progression of coronary plaque in patients with acute coronary syndrome (ACS) [10] . Moreover, we had already reported that GV had a significant association with the vulnerability of plaque [8, 11] . However, the impact on the prognosis of GV in patients with ACS still remains unclear. Therefore, we explored the effect of GV on prognosis in patients with ACS during long-term follow-up.
Methods

Study population
We studied 516 patients with ACS who underwent percutaneous coronary intervention (PCI) in Yokohama City University Medical Center between April 2012 and November 2016. ACS was defined as ST-segment elevation acute coronary syndrome (STE-ACS) and non-ST-segment elevation acute coronary syndrome (NSTE-ACS) [12] . Patients fulfilling any of the following criteria were excluded: previous myocardial infarction (n = 10), cardiogenic shock (n = 2), insulin use defined as severe DM (n = 8), hemodialysis (n = 7), CGMS data not available (n = 68), or lack of follow-up data (n = 4). A total of 417 patients with first ACS were enrolled (Fig. 1) . Admission hyperglycemia was defined as admission plasma glucose level > 180 mg/dl [13] . Hypertension was defined as systolic blood pressure > 130 mmHg or diastolic blood pressure > 80 mmHg [14] or treatment with oral antihypertensive drugs. Hypercholesterolemia was defined as low-density lipoprotein cholesterol ≥ 140 mg/ dl [15] or treatment with oral antihypercholesterolemic drugs. All patients underwent calculation of the global registry of coronary events (GRACE) score, and a high GRACE score was defined as > 140 based on previous reports [12] . The study protocol was approved by the Yokohama City University Medical Center Institutional Review Board, and all patients gave written informed consent. (UMIN-CTR ID: UMIN000010620).
Blood sampling
Peripheral blood samples, including blood glucose, creatinine phosphokinase (CPK), and creatine kinase MB (CK-MB) levels, were collected after admission and at 3-h intervals during the first 24 h. Brain natriuretic peptide (BNP) and high-sensitivity C-reactive protein (hs-CRP) Fig. 1 Flow chart of enrolment in this study of GV determined by continuous glucose monitoring for prediction of prognosis following ACS were evaluated on admission, daily until discharge, and 1 month after the onset of ACS in the stable phase. We divided all patients into two groups according to hs-CRP greater or less than 0.1355 mg/dl, as an indicator of predicted rapid progression of coronary artery disease in a prior study [10] . Patients with any conditions (cancer and inflammatory disease) known to modify hs-CRP levels were excluded from the assessment of hs-CRP. Biochemical markers were evaluated at the time of admission, and stable phase values were recorded.
CGMS protocol
All patients were fitted with a CGMS (i Pro2, Medtronic, Minneapolis, MN, USA) and were monitored for at least 24 consecutive hours during a stable state when they could take three regular meals. The CGMS sensor was inserted into subcutaneous abdominal fat tissue. During CGMS, blood glucose levels were checked at least four times per day, using a self-monitoring blood glucose device (Medisafe Mini; Terumo, Japan) to calibrate the CGMS data. The data obtained by the CGMS were recorded and analyzed off-line.
The results were interpreted by two experienced observers. The average glucose level (Ave) and standard deviation (SD) and the coefficient of variation (CV) were calculated, in addition to the mean amplitude of glycemic excursion (MAGE). The MAGE was determined by calculating the arithmetic mean of the difference between consecutive peaks and nadir if the difference was > 1 SD of the mean glucose level [16] . Figure 2 shows a representative case of CGMS monitoring. The conventional glucose indicators showed admission hyperglycemia and HbA1c 5.4%, i.e. within normal range. CGMS monitoring revealed MAGE of 74 mg/dl. We divided all 417 patients into two groups according to the MAGE levels. Patients belonging to the highest tertile of MAGE were categorized into the high MAGE group and the other two-thirds into the low MAGE group. The optimal cutoff point of MAGE was also consistent with the value determined by the Youden index, i.e. J = max (sensitivity + specificity − 1) [17] .
75-g oral glucose tolerance test protocol
All patients who had not been given a diagnosis of DM underwent a standard 75-g oral glucose tolerance test between the 4th hospital day and discharge, after their condition had been stabilized. After an overnight fast, venous blood samples for the measurement of plasma glucose were taken at baseline and 30 min, 60 min, and 120 min after an oral glucose load. DM, impaired glucose tolerance (IGT), and normal glucose tolerance (NGT) were classified according to the criteria of the American Diabetes Association. Fig. 2 Representative case of use of the CGMS. The patient was an 86-year-old man who was diagnosed with anterior STE-ACS. He had IGT on a 75-g oral glucose tolerance test during hospitalization. His conventional glucose indicators showed admission hyperglycemia and HbA1c 5.4%. The CGMS can visualize GV. The MAGE is calculated by measuring the arithmetic mean of the difference between consecutive peaks and nadirs (red arrows) if the difference is > 1 SD of the mean glucose. The CGMS revealed that the MAGE was 74 mg/dl. He died after being hospitalized for heart failure 9 months later
Long-term follow-up and definitions of major adverse cardiovascular and cerebrovascular events (MACCE)
Patients were followed up for a mean period of 39 months [IQR 24-50 months]. During follow-up, this study used a composite MACCE defined as the occurrence of one of the following events: cardiac death, recurrence of ACS, angina requiring revascularization, acute decompensated heart failure (ADHF) requiring hospitalization, and stroke. Angina requiring revascularization was defined as having an indication for coronary artery revascularization [18] . All events were followed up by a hospital visit or telephone interview with an experienced cardiovascular physician blinded to clinical details and outcomes.
Statistical analysis
Continuous data were expressed as median (interquartile range), and categorical data were reported as frequencies and percentages. First, we used univariate analysis to identify associations between MAGE groups and all variables as follows: all baseline characteristics (age, sex, body mass index, STE-ACS, Killip class > 1, GRACE score > 140, infarct-related artery, multivessel disease, hypertension, hypercholesterolemia, systolic blood pressure on admission, heart rate, DM, IGT, NGT, medication on discharge) and laboratory data [creatinine, estimated glomerular filtration rate, peak level of CPK, BNP during stable phase, hs-CRP during stable phase > 0.1355 mg/dl, low-density lipoprotein cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, glucose on admission, glucose on admission > 180 mg/dl, HbA1c], and CGM findings (MAGE, Ave, SD, CV). Student's t-test was used to compare differences in continuous variables among groups. For categorical variables, Fisher's exact test or the Chi squared test was used, as appropriate. Second, we utilized univariate logistic regression models for the prediction of MACCE with all variables. Third, to control for effects of confounding factors, we adopted three, stepwise, multiple logistic regression models for the prediction of MACCE with all independent variables, with p < 0.05 in the univariate analysis. Model 1 included multivessel disease, BNP during stable phase, hs-CRP during stable phase > 0.1355 mg/dl, and HDL cholesterol; Model 2 included glucose on admission > 180 mg/dl, HbA1c, and high MAGE; Model 3 included all variables included in Model 1 and 2. Lastly, we used the area under the curve (AUC), and 95% confidence interval (CI), for each model, and tested increments of AUC from Model 1 to 2 or 3 with the Delong method [19] . In addition, we performed sensitivity analysis to validate main findings, using subgroups of the DM and IGT patients. For each group, we utilized univariate logistic regression models for the prediction of MACCE with all independent variables, and adopted multiple logistic regression models for the prediction of MACCE with independent variables which were obtained from the univariate analysis with p < 0.05. A p-value < 0.05 in a two-tailed test was considered statically significant. All statistical analyses were performed using JMP, version 12.0.0 (SAS Institute Inc., Cary, NC, USA) and MedCalc Statistical Software version 16.4.3 (MedCalc Software bvba, Ostend, Belgium; https ://www.medca lc.org; 2016).
Results
Baseline characteristics
The characteristics of all patients are stratified in Tables 1, 2 . The mean age was 66 years (interquartile range [IQR 56-74 years]), and 83% of the patients were male. In the study, 61% had a medical history of hypertension, 38% had hypercholesterolemia, 140 (34%) had DM, 185 (44%) had IGT, and 92 (22%) had NGT. Median HbA1c level was 5.9% in all patients; however, when we limited our study to DM patients, median HbA1c was 6.7% [IQR 6.1-7.7%]. Except for glucose metabolism, significant differences between two groups were observed in body mass index, Killip class > 1, multivessel disease, and BNP during stable phase.
Incidence of MACCE
During follow-up, 66 patients (16%) experienced MACCE: 5 (1.2%) had cardiovascular death, 14 (3.4%) had recurrence of ACS, 27 (6.5%) had angina requiring revascularization, 8 (1.9%) had heart failure, and 16 (3.8%) had stroke. Kaplan-Meier curves for patients by MAGE are shown in Fig. 3 . The high MAGE group had a significantly lower event-free survival rate (a) (p = 0.002). Even if limited to patients with DM (n = 140) (b) or IGT (n = 185) (c), the results were similar. In patients with NGT (n = 92), the high MAGE group did not correlate with the prognosis (d). Table 3 shows associations between the prediction of MACCE and all variables by univariate analysis. Significant associations were found between the prediction of MACCE and high MAGE, multivessel disease, BNP level during stable phase, hs-CRP > 0.1355 mg/dl, HDL cholesterol level, glucose on admission > 180 mg/dl, and HbA1c level. Table 4 shows multivariate analysis for the prediction of MACCE. In Model 1, multivessel disease and hs-CRP > 0.1355 mg/dl were significant predictors of MACCE. MAGE was found to be an independent predictor of MACCE in Model 2 (odds ratio [OR], 2.030, 95% CI, 1.159-3.563; p = 0.014) and Model 3 (OR, 1.844; 95% CI, 1.013-3.356; p = 0.045). Among these parameters, MAGE was an independent predictor of prognosis in patients with ACS. We estimated the AUC in Model 1 (AUC 0.68; 95% CI, 0.629-0.722), Model 2 (AUC, 0.63; 95% CI, 0.582-0.678), and Model 3 (AUC, 0.72; 95% CI, 0.676-0.765). We found that an AUC increment of 0.05 from Model 1 to Model 2 was not significant (95% CI, − 0.052-0.144, p = 0.358), and that an increment of 0.05 in Model 3 showed a tendency toward significance (95% CI, − 0.000-0.091; p = 0.055) ( Table 5 ). Table 6 shows the results of the sensitivity analysis. Regarding MACCE, MAGE was the most significant predictor among patients with DM (OR, 3.238; 95% CI, 1.041-12.383; p = 0.042). There were three significant variables in patients with IGT (Multivessel disease, hs-CRP, High MAGE). MAGE had the tendency to act as a prognosticator among patients with IGT (OR, 2.080, 95% CI, 0.861-4.957; p = 0.102). Please see Table 6 for further information.
Prediction of MACCE
Discussion
The results of this study showed that a high MAGE, as determined by a CGM, was an independent predictor of long-term poor prognosis in patients with ACS who had undergone PCI. A high MAGE was an independent predictor of MACCE based on forced inclusion multivariate analyses. This is the first study to reveal the role of GV, as evaluated by a CGM, on long-term prognosis during the current intervention era.
The role of GV in coronary events
In this study, we demonstrated that GV was an important factor in the progression of coronary artery disease. Several mechanisms for our results, including oxidative stress, have been suggested to explain the role of GV in cardiovascular disease, and previous studies have shown that GV was a specific trigger for oxidative stress [20, 21] . It has been reported that oxidative stress promotes inflammation and endothelial dysfunction resulting in atherosclerosis [22] . Previous research has suggested that GV plays an important role in the development of complications related to impaired glucose metabolism. We previously reported several studies on the impact of GV on coronary plaque morphology and pathophysiology [23, 11] and noted that GV caused rapid plaque progression and adverse events [10] . Guideline for the management of acute-phase myocardial infarction recommend the blood glucose level should be kept above 90 mg/dl, but less than 200 mg/dl, and the goal is an HbA1c level of < 7.0% [24] . Based on our results, we emphasize that GV should be considered alongside these classic indexes.
The role of GV in cardiovascular death and heart failure Cardiovascular death and ADHF occurred in 13 patients, and we previously reported that GV predicts LV remodeling in patients with a first STEMI [8] . We consider that the result was mainly due to the characteristics of GV itself. GV has a more specific triggering effect on oxidative stress than sustained hyperglycemia [20] , and it may be associated with these factors more strongly, thus affecting LV remodeling. In this study, the LV size and function measurements were performed using CMRI, which is believed to be the gold standard; therefore, our results included reliable data. We believe that our previous paper demonstrating that GV was an important factor in LV remodeling could explain this result [8] . Other studies concluded that GV also affected the variability in neointimal thickness after everolimus-eluting stent implantation in patients with coronary artery disease [25] . Su et al. reported that in-hospital MAGE may be an important predictor of mortality, and that MACE after AMI is a stronger predictor than HbA1c [9, 26] . However, in one of their papers they did not include the data regarding PCI, in another of theirs did not exclude the influence of the insulin use. Furthermore, we followed our patients for over 3 years, which was longer than the follow-up by Su et al. We believe that our study is the most reliable for the current PCI era, and conclude that our paper is the most useful regarding prognosis after ACS in terms of cardiac death and heart failure.
The difference between GV and DM
Although both the HbA1c and GV may be associated with adverse prognoses, our study showed that an increased MAGE is more important than the HbA1c. An increased HbA1c represents long-term glucose regulation, whereas elevated GV suggests not only glucose dysregulation, but also stress and general poor health. We believe that the reason why GV was more important than the HbA1c was due mainly to the population in this study. There was a limited number of severe DM patients who underwent emergent PCI or who did not treat their DM before the target hospitalization. Therefore, the average HbA1c level was not high in this study (the median HbA1c level was 5.9%). In fact, a recent study did not include many diabetic patients [27] . Thus, we would like to emphasize that in patients without severe DM, GV seems to be a stronger predictor than HbA1c for prognosis in this population. We believe that this result is suitable for contemporary clinics.
Clinical implications
Recent investigations have demonstrated that glucagonlike peptide-1 (GLP-1) analogue inhibits oxidative injuries in vascular endothelial cells [28] . Another study suggested that the α-glucosidase inhibitor attenuated GV, heart rate variability, and sympathetic activity in ACS patients with type 2 DM [29] . According to the current study's results, we emphasize that there is a possibility of improving prognosis by reducing GV via the use of CGM. In the future, the real significance of GV by CGM in patients with ACS would be resolved by an intervention study.
Study limitations
The present study did have some limitations. First, this was a small, prospective, observational trial conducted at a single center. Second, we excluded high-risk patients, including those with hemodialysis or clinical instability, such as cardiogenic shock. Third, we excluded patients treated with insulin. Although these limitations made our results more robust, those patients are at high risk; therefore, we would like to examine such patients in the next study.
Conclusion
GV, as determined by a CGM, is a predictor of poor prognosis in patients with ACS without severe DM. Further studies are needed to clarify the clinical significance of GV in patients with ACS.
